Abstract: The surface quality of slabs is closely related with the initial solidification at very first seconds of molten steel near meniscus in mold during continuous casting. The solidification, structure, and free deformation for given steels have been investigated in droplet experiments by aid of Laser Scanning Confocal Microscope. It is observed that the appearances of solidified shells for high carbon steels and some hyper-peritectic steels with high carbon content show lamellar, while that for other steels show spherical. Convex is formed along the chilling direction for most steels, besides some occasions that concave is formed for high carbon steel at times. The deformation degree decreases gradually in order of hypo-peritectic steel, ultralow carbon steel, hyper-peritectic steel, low carbon steel, and high carbon steel, which is consistent with the solidification shrinkage in macroscope during continuous casting. Additionally, the microstructure of solidified shell of hypoperitectic steel is bainite, while that of hyper-peritectic steel is martensite.
Introduction
Practice showed that hypo-peritectic steels slabs have the highest susceptibility of surface longitudinal cracking compared to other steels. The surface longitudinal cracks are closely with uneven growth of initial solidified shell, which is caused by uneven air gap and fluxes filling between solidified shell and mold [1] [2] [3] [4] . For hypoperitectic steels, there is large contraction of solidification and phase transformation in a high and narrow temperature range, leading to very uneven initial solidified shell. In order to determine the solidification behavior characteristics of steel, previous researchers had made many high temperature solidification experiments of steel, including dipping test, submerged split chill tensile experiment, and droplet method [5] [6] [7] [8] .
The droplet method has the following advantages: (a) observing morphology of solidified shell easily after molten steel droplet placed on a chill plate; (b) reducing effect of gravity and spreading time of small sized sample; (c) ensuring unidirectional solidification and heat transfer of solidified shell bottom under a steep temperature gradient; (d) eliminating a need for a side mold that may hinder free deformation. Dong [5] , Niyama [9] , Shen [10] , etc. studied the deformation of Fe-C alloys droplets, which shows a very strong dependence on carbon content, and two peaks of positive deformation were found as carbon contents come near to 0 and 0.12 %. In order to study the initial solidification behavior difference among various steels, the droplet method with a copper chill plate is adopted in this paper.
Experimental method
Based on the previous study, an initial solidification experimental system of steel droplets on copper chill plate is developed shown in Figure 1 , in which steel samples can be melted and suspended as droplets, and then the droplets fall down to a copper chill plate at a certain speed.
Major installations and experimental steels
A steel sample weighting about 4 g is melted and suspended in the high-frequency induction heating furnace (TX-15A type, maximum power input: 7 kW；oscillation frequency：30-100 kHz). This furnace is made of a homemade levitation induction coil and a hollow copper pipe of 3 mm diameter and 0.5 mm thickness. A CIT-1MD type colorimetric infrared thermometer (Beijing Sanbozhongzi Science and Technology Co., LTD), had been used to measure and record upper surface temperature of solidifies shell continuously. T-type thermocouple with high sensitivity at low temperature had been used to rapidly measure the copper plate temperature at the transient instant when the droplet contacts with the plate, and the temperature-time curves had been recorded by a USB7660 type multi-channel temperature sampling instrument. By the aid of Nikon J1 high-speed camera with frame rate of 400 fps, the deformation of solidified shell in the solidification process on the moment of droplet falling on copper chill plate was observed, and then the time of initial solidification was obtained. The deformation degree and microstructure of solidified shell and surface roughness of copper chill plate was measured by a Laser Scanning Confocal Microscope (Olympus LEXT OLS4000 3D).
The actual composition and carbon equivalent of experimental steels grades is shown in Table 1 , including different steel grades according to the calculated results of Factsage software, such as ultra-low carbon (ULC), low carbon (LC), hypo-peritectic(HP), hyper-peritectic(HP*),and high carbon(HC). Firstly, the steel samples which were from continuously cast strands and machined to a 9 mm diameter rod, were put into the transparent quartz tube around solenoid with Argon gas (3 L/min). The molten steel would drop on the copper chill plate at a target temperature tested by the colorimetric thermometer. The free deformation process of droplet was recorded by high speed camera, while the temperature change of chill plate at instant contact with molten steel was also recorded by the multi-channel temperature sampling instrument. Then the deformation and structure of solidified shell is observed by laser scanning confocal microscope.
Temperature measurement method of copper chill plate
In order to study the initial solidification of various steels, red copper which is the same with mold's material is selected to make the chill plate, with a circular shape of 20 mm in diameter, 15 mm in thickness and 0.026 μm in surface roughness. In order to measure the change of heat flux of copper plate in the initial solidification process, the traditional temperature measurement method which measures temperature with directly thermocouple head was improved based on Todoroki's [11] method. The constantan wire (negative electrode) of T-type thermocouple was inserted into the center of chill plate 2 mm and 4 mm below the upper surface through a 1 mm horizontal hole, while the copper wire (positive electrode) was connected on the copper plate side, shown in Figure 2 . Since the material of copper plate is the same as that of positive electrode of T-type thermocouple, there is a current in the case of no welding thermocouple. This method could eliminate the measurement delay of temperature due to the thermocouple welding head, and the temperature change of copper plate at instant contact with molten steel could be measured to study the heat change between droplet and copper plate in a short period of time.
The temperature curves of T 1 and T 2 of IF steel were respectively measured by traditional temperature measurement method and modified method, shown in Figure 3 . It is shown that the T 1 and T 2 temperatures measured by traditional temperature measurement method increase slowly during 0 to 2 s, whereas, that measured by modified method increases to the peak at about 0.2 s then decreases. Because of the great hysteresis of traditional temperature measurement method, the modified method is adopted in this study to accurately and sensitively measure the temperature change of copper plate at instant contact.
Index of deformation degree of solidified shell
The shape and bottom profile of center section of solidified shell of S420CL steel was measured by a Laser Scanning Confocal Microscope, shown in Figure 4 . It is observed that bottom profile of center section of the solidified shell is a parabola. The bigger curvature value (κ) means the bigger degree of curvature of curve. The maximum curvature of measured parabola was selected as the index of deformation degree of the solidified shell in the experiments. The calculation formula of curvature k is shown in Formula(1), and the fitting formula of parabolic in shell bottom is shown in Formula(2), the calculation formula of maximum curvature k is shown in Formula(3). 
Choice of testing parameters
In order to choose the reasonable weight of samples to study initial solidification of various steels, 510 L steel samples were processed into cylinder sample with different weights. Samples with different weights dropped on the copper chill plate (burnished) under the condition of same superheat, and the bottom deformation of solidified shell were measured, shown in Figure 5 . It's shown that the lower curvature of solidified shell bottom with increased weight of samples, which is in conformity with Dong's [9] experiment results. Take consideration of the differences of deformation and difficulty of bottom curvature measurement, steel samples were processed into cylinder sample (Φ9 mm × 8 mm, weighing 4 g) in this experiment.
35CrMo hyper-peritectic steel grade was chosen to test the reasonable superheat in the initial solidification experiments. The effect of superheat on the bottom curvature of solidified shell of 35CrMo steel grade is shown in Figure 6 . It is shown that the curvature of solidified shell bottom decreased linearly with increased superheat. This is because the temperature difference of molten steel(T L ) and copper plate surface (T 0 )is smaller with the higher molten steel superheat，leading to the decrease of thermal stress and deformation degree of solidified shell. Take according to better observation of differences of deformation degree of solidified shell and the actual superheat of molten steel in mold, the superheat of molten steel was in the range of 10-30°C in the initial solidification experiments.
Experimental results

Difference of solidification and deformation of various steels
The solidification and deformation of various steels at instant contact of steel droplet and the chill plate was recorded by high-speed camera, as shown in Figure 7 . And the changes of diameter and thickness of solidified shell over time during the above solidification and deformation processes were shown in Figure 8 . Set the just contact time of steel droplet and the chill plate to 0 ms. It is shown that the droplets of different steels begin to spread out after the contact, and completely spread to maximum diameter at the time of about 9 ms. Then the diameter of bottom solidified shell gradually decreases, and the thickness of solidified shell increases. Finally, the solidified shell remains in a shape with a fixed bottom diameter and thickness. By comparison, the deformation time of solidified shell of IF ultra-low carbon steel and 510 L hypo-peritectic steel was relatively longer than other steel grades. During the solidification of molten steel, the maximum bottom diameters of hypo-peritectic steels (510 L steel and SS400 steel) are largest among all the steels adopted in this experiment. After the deformation of solidified shell, the bottom diameters of solidified shell of 35CrMo hyper-peritectic steel and 82b high carbon steel are largest, and that of other steels are the next, and that of 510 L hypo-peritectic steel is smallest. For hypo-peritectic steels, since the shrinkage of solidified shell of 510 L steel (carbon content close to C B point) is much larger than that of SS400 steel (carbon content close to the C C point) after completely spread [12] , the bottom diameter of solidified shell of 510 L steel is smaller than that of SS400 steel. The initial solidified shell forms at the meniscus in mold after the contact of molten steel and mold copper plate during continuous casting. At the time of ts, the solidified shell reaches a critical thickness (Sc) and a certain strength, and begins to deform elastically, then the shell pulls away from mold copper plate to a convex which leading to the formation of air gap [5] . In the initial solidification experiments, the cooling rate of molten steel after the contact with copper chill plate is very large, and there is also a critical thickness of solidified shell, which is similar with that at the meniscus in mold. Take 510 L hypo-peritectic steel for example, the droplet spreads completely to maximum bottom diameter and minimum thickness at the time of 9 ms. The droplet begins to shrink inward with higher thickness at the time of 9-45 ms, which is not totally solidified. At the time of 45 ms, the molten steel contacts with bottom is totally solidified, however, the above molten steel has not been solidified. This is because the top temperature of sample is higher than the bottom temperature, and there is a temperature gradient in the sample. At the time of 72-297 ms, the solidified shell begins to shrink inward with smaller bottom diameter and larger thickness, which appears spherical. After the time of 297 ms, the sample remains a fixed shape with unchanged diameter and thickness. Compared with other steels, there is a sharply shrinkage at the end of solidification, and the bottom diameter of the solidified shell reduces to very small values linearly.
Difference of bottom deformation degree of solidified shell of various steels
The appearances of solidified shell of various steels formed on the copper chill plate (burnished) were shown in Figure 9 . The appearances of solidified shell for high carbon steels and hyper-peritectic steels with high carbon content show lamellar, while that for other steels show spherical. Among them, the appearances of solidified shell for most hypo-peritectic steels are spherical with small bottom diameter. Figure 10 is the average bottom diameter of solidified shell of various steels with different carbon content. It is shown that with the increase of carbon content, the bottom diameter of solidified shell decreases gradually when the carbon content is less than 0.176 %, and the diameter increases until the carbon reaches 0.0514 %, then decreases when the carbon content is more than 0.0514 %. The bottom diameters of solidified shell of low-carbon steels and hypo-peritectic steels are small, and that of high carbon steels and hyper-peritectic steels are large.
(a) (b) The bottom profiles of center section of solidified shell of different steels are shown in Figure 11 . It is shown that besides the solidified shell of high carbon steel occasionally show negative deformation which is concave towards the chill, that of other steels show positive deformation which is convex towards the chill. The curvature value (κ) changes with the carbon content, and κ is large when the carbon content is in the hypo-peritectic range, which means large deformation degree. The bottom layer of liquid steel solidifies into a thin shell quickly at the transient instant when the droplet contacts with the chill plate. If the bottom thin shell does not stick to the chill plate, the bottom shell is relatively free to shrink without significant stress, and the next layer of liquid steel above the solidified shell then solidifies [13] . Under the combined action of the shrinking stress of solidification and phase transformation, tensile force of liquid steel, and the under layer tends to bend, and the solidified shell is convex towards the chill along with the solidification layer by layer. If the bottom thin shell sticks to the chill plate, because the under layer suffers compressive stress and the above layer suffers tensile stress, the whole solidified shell is concave or planar towards the chill. For ultra-low carbon steel, low carbon steel, hypo-peritectic steel, and hyper-peritectic steel, since the bottom thin shell does not stick to the chill plate due to the narrow liquid-solid phase region, the solidified shells are convex towards the chill. For high-carbon steel, due to the wide liquid-solid phase region, the bottom thin shell tend to stick to the chill plate with compressive stress, and the shrinkage stress is small due to the solidification mode. Thus, the solidified shell of high carbon steel is convex towards the chill if shrinkage stress is smaller than compressive stress, while that is concave towards the chill if shrinkage stress is larger than compressive stress. The effect of carbon content (w[C]%) and carbon equivalent content(Ceq) on the deformation degree of the solidified shell is shown in Figure 12 . It is shown that with higher carbon content, the κ of bottom profile of center section of solidified shell decreases gradually when 0.0061 ＜w[C]% ≤ 0.0514（0.00446＜Ceq ≤ 0.0516), and increases when 0.0514＜w[C]% ≤ 0.082（0.0516＜Ceq ≤ 0.1016), then decreases when w[C]%＞0.082（Ceq＞0.85806). The change law of deformation degree of solidified shell in droplet experiments conforms with that of growth uniformity of initial solidified shell for various steels during continuous casting, in which the deformation degrees of solidified shell for ultra-low carbon steel and hypo-peritectic steel are large. The root reason of this phenomenon is the difference of solidification mode characteristics of various steel grades, which have high and narrow temperature range of δ→γ phase transformation for ultra-low carbon steel and L + δ→γ and δ→γ phase transformation for hypoperitectic steel. Figure 12(a) shows that the κ is largest when w[C]% = 0.082, 0.098（Ceq = 0.1016, 0.12), which is consistent with Murakami and Sugitani's [14, 15] results (the uneven degree of initial solidified shell in mold is very large when the 0.09＜w[C]% ≤ 0.12, and that is largest when w[C]% = 0.1), and the previous theoretical analysis results [12] (the uneven degree of initial solidified shell is largest for hypo-peritectic steel which w[C]% near C B ). With comparison of the Figures 10 and 12 , it's found that the deformation degree is usually small with the large bottom diameter, which shows an opposite changing direction.
Difference of structure of solidified shell of various steels
Under the equilibrium condition, the microstructures of different steels at room temperature mainly contain F (ultra-low carbon steel), F + P (low carbon steel, hypoperitectic, and hyper-peritectic steel), Fe3C + P (high carbon steel). However, since the cooling process of droplet contact with copper chill plate in this experiment is not an equilibrium process, there is great difference between the microstructures of solidified shell and the above equilibrium microstructures. The top and bottom microstructures of center section of solidified shell of various steels observed by metallographic microscope are shown in Table 2 . It is shown that the microstructure of solidified shell of hypo-peritectic steel is bainite, while that of hyper-peritectic steel is martensite, and that of high carbon steel is martensite and little cementite. The grain size of bottom shell is obviously finer than that on top shell.
In addition, the bottom microstructure of solidified shell of hypo-peritectic steel is fine granular bainite, and the top microstructure is grosser featherlike bainite with higher height. Figure 13 is the macrostructures at different parts of center section of solidified shell of 50 Mn steel. It is shown that the top center macrostructure is bulky columnar crystal, while the bottom center macrostructure is fine columnar crystal. This is because the cooling rate of molten steel on the copper chill plate is much larger than in air, thus the heat transfer of solidified shell on the copper chill plate is approximated as 1-D unidirectional heat transfer
Heat transfer of solidified shell on the copper chill plate of various steels
The heat flux near copper plate surface could be calculated by the finite difference method on the hypothesis that heat transfer of molten steel and copper plate is 1-D unidirectional heat transfer. After deforming the one-dimensional heat conduction equation (3), Formula (4) could be obtained. At the time of j, the copper plate temperature (T 0，j ) could be calculated by formula (5), in which Δ x is distance interval (0.002 m), and Δ t is time interval (0.003 s). With the change of time, T 1 and T 2 have been measured by T-type thermocouple, and the surface temperature of copper plate (T 0 ) could be calculated by Formula (5). And the heat flux density of the copper plate surface at the time of j could be calculated by Formula (6).
When the molten steel (10°C＜superheat＜20°C, weighing 4 g) of typical steels with different solidification modes dropped, the heat flux density of the copper chill plate surface was shown in Figure 14 . It is shown that the heat flux density of copper chill plate has risen sharply at instant contact of steel droplet and the chill plate, and there is a peak of heat flux density of copper chill plate in droplet experiments of all steels before 0.1 s. And the heat (a) (b) flux density begins to decrease gradually at the time of 0.1-0.2 s, and slowly decrease to remain stable after 0.2 s. The effect of carbon content on the peak heat flux density is shown in Figure 15 . It is shown that the heat flux density of 510 L and SS400 hypo-peritecitc steels are relatively low (5,062 kW/m 2 and 5,288 kW/m 2 ), that of MR-T2.5 low carbon steel and IF ultra-low carbon steel are larger (5,062 kW/m 2 and 6,768 kW/m 2 ), and that of 82B high carbon steel and 50Mn hyper-peritecitc steel are very large (9,514 kW/m 2 and 12,379 kW/m 2 ). The change law of the peak heat flux density is related to the difference of solidification mode characteristics of various steel grades. For hypo-peritectic steel, there is uneven air gap between the bottom of solidified shell and chill plate, which leading small amount of peak heat flux density of copper chill plate. Since heat flux density is an important index of heat transfer condition at the meniscus range in mold during continuous casting, the growth of initial solidified shell is directly affected. Based on the law of the heat flux density at the initial solidification, good surface quality of slabs would be achieved by aid of modifying mold flux and cooling intensity in the mold.
Conclusions
(1) The appearances of solidified shell of various steels in the droplet experiments are different. The solidified shell of high carbon steels and some hyperperitectic steels with high carbon content show lamellar, while of other steels show spherical. The profile on the bottom of center section of the solidified shell is a parabola. Besides the solidified shell of high carbon steels occasionally show negative deformation which is concave towards the chill, that of other steels show positive deformation which is convex towards the chill. (2) The deformation degree decreases gradually in order of the hypo-peritectic steel, ultra-low carbon steel, hyper-peritectic steel, low carbon steel, and high carbon steel. Among them, the deformation degree is largest when w[C]% = 0.082. In addition, the deformation of solidified shell gradually decreases with increasing weight and superheat of molten steel. (3) The microstructure of solidified shell of hypoperitectic steel is bainite, while that of hyperperitectic steel is martensite, and the grain size of bottom shell is obvious finer than that on top shell. The heat flux density of copper chill plate has risen sharply to a peak at instant contact of steel droplet of every steel and the chill plate at about 0.1 s, and then decreases to a certain value after 0.3 s.
Compared with other steels, the heat flux density of hypo-peritecitc steel is lowest, while that of hyperperitecitc steel is largest.
